Introduction
Recent clinical research has demonstrated that some patients with advanced malignancies have clinical and radiographic responses to immune checkpoint inhibition with monoclonal antibody-based blockade of cytotoxic T-lymphocyte antigen-4 (CTLA-4; ref. 1 ) and the programmed cell death protein 1 (PD1; ref. 2) and its ligand (PD-L1; ref. 3) . These clinically impactful immunotherapies come on the heels of Food and Drug Administration approval of Sipleucel T, an autologous cellular vaccine that prolongs survival for patients with advanced castrationresistant prostate cancer (4) .
Vaccination with irradiated autologous tumor cells engineered to express granulocyte-macrophage colony stimulating factor (GM-CSF)-a strategy referred to as "GVAX"-has stimulated vigorous antitumor immunity in subjects with various solid and hematologic malignancies and has prolonged survival in selected patients (5) . Vaccination using whole tumor cells drives a polyclonal immune attack against multiple tumor-associated antigens and both reinforces existing humoral and cell-mediated immunity to antigenic epitopes and stimulates new responses to previously undetected tumor-associated antigens.
Glioblastoma is an intracranial malignancy with median overall survival between 14 and 17 months, despite surgery, radiation, and chemotherapy (6, 7) . A dire need exists for effective treatments for patients with glioblastoma. Many clinical trials of targeted agents and angiogenesis inhibitors have failed to show efficacy (8) . Bevacizumab is the only FDAapproved drug for patients with recurrent glioblastoma, on the basis of phase II clinical trials showing overall survival of 40 weeks (9) .
Despite the blood-brain barrier, brain tumors interact with the immune system and provoke nascent antitumor immune responses. Pallasch has identified antibodies to tumor antigens in the sera of glioblastoma patients and has correlated the presence of a subset of these with prolonged survival (10) . Similarly, glioblastoma immunogenicity has been demonstrated by the identification of circulating tumor-specific CD8 þ T lymphocytes among the peripheral blood mononuclear cells (PBMC) of tumor patients. The intratumoral ratio of effector T lymphocytes to regulatory T lymphocytes may independently affect survival in glioblastoma patients (11) . Preclinical evidence shows that vaccination can enhance antiglioma immunity and can be effective in intracranial glioma models. In separate reports, Sampson and Herrlinger demonstrated that subcutaneous vaccination with irradiated syngeneic tumor cells expressing cytokines improves survival in mice-bearing intracranial tumors. Although animals in these studies experienced enhanced survival, the treatments did not cure established tumors. However, vaccination in combination with immune checkpoint blockade has been highly efficacious preclinically (12, 13) and shows promise in early clinical trials (14, 15) in patients with solid tumors. Moving forwards with these combination clinical studies, including for patients with glioma, is a reasonable next step for the field.
The GVAX approach has not been reported in patients with malignant brain tumors. Therefore, before proceeding with combination immunotherapy in these patients, we sought to demonstrate the feasibility and safety of vaccinating patients with recurrent malignant glioma with irradiated autologous tumor cells in the context of local GM-CSF expression. The risk of inducing autoimmune encephalitis via autologous whole glioma cell vaccination is a legitimate safety concern. Also, previous efforts at using autologous glioma cell vaccination in this population have shown low feasibility because of tumor progression during vaccine preparation and the challenges inherent to maintaining glioma cells in culture (16) .
We mixed irradiated autologous glioma cells with varying numbers of irradiated GM-K562 cells. GM-K562 has been described previously as a GM-CSF producing bystander cell line for use in the formulation of autologous tumor cell-based vaccines (17) . The use of a bystander cell line with low immunogenicity allows for in vivo expression of a defined and controllable amount of GM-CSF and permits the design of a true dose-escalation phase I study.
We confirm the feasibility and safety of vaccinating recurrent glioma patients with irradiated autologous tumor cells mixed with up to 1 Â 10 7 GM-K562 cells. Vaccination engendered an active systemic immune response, as we document enhanced tumor-specific immunity and generalized T-lymphocyte activation.
Materials and Methods
The clinical trial protocol was approved by the Institutional Review Board of the Dana Farber-Harvard Cancer Center, and is registered on ClinicalTrials.gov (NCT00694330).
Patients
Patients included adults undergoing elective craniotomy in the setting of recurrent malignant glioma. Full inclusion/exclusion criteria are listed in the supplementary materials.
GM-K562 cells
The GM-K562 cell line was created at the Harvard Gene Vector Laboratory by stably transfecting K562 cells with a plasmid encoding GM-CSF and a puromycin resistance gene. K562 is derived from chronic myelogenous leukemia cells in blast crisis, does not express MHC I and MHC II molecules, and is poorly immunogenic (17, 18) . After 100 gray irradiation, GM-K562 cells express 9 to 13 mg of GM-CSF/1 Â 10 6 cells/24 hours.
Clinical trial design
This phase I trial was designed in a "3þ3" format for examination of the safety of administering up to 1 Â 10 7 GM-K562 cells mixed with irradiated autologous glioma cells. The first dose cohort was treated with 5 Â 10 6 GM-K562 cells per vaccination. The second cohort (1 Â 10 7 GM-K562 cells) was expanded in order to treat a total of 10 patients in the study. The number of autologous glioma cells planned per vaccination was a factor of how many were harvested at craniotomy. Vaccines were delivered weekly for 3 weeks, then biweekly, up to a total of 6 vaccinations. Feasibility was defined as the ability to treat !60% of enrolled patients with at least 4 vaccinations.
Vaccine preparation
Autologous tumors were processed into single cell suspension under GMP conditions using collagenase. Cells were aliquoted and cryopreserved at equal number into vials for 6 vaccines, ranging from 1 Â 10 5 cells to 6 Â 10 7 cells. If additional cells were available, two vials of 1 Â 10 6 cells were set aside for delayedtype hypersensitivity (DTH) testing.
At time of vaccination, 1 vial of GM-K562 and 1 vial of autologous tumor cells were thawed and extensively washed in saline. Quality control samples were collected for gram stain and sterility evaluation. According to protocol dose, the appropriate number of GM-K562 cells was mixed with the autologous tumor cells, and lethally irradiated at 100 Gray. The vaccine was then
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DTH samples were thawed at time of the first and fourth administration of vaccine, washed extensively in saline, then lethally irradiated at 100 Gray. DTH samples were injected intradermally on the shoulders of consenting subjects.
Immunophenotyping
Immune cell phenotypes in blood were monitored by 5-color flow cytometry. Freshly drawn samples were lysed and stained using monoclonal antibodies specific for T-cell costimulatory molecules or regulatory T (Treg) cells. The combination of antibodies is listed in the supplementary data. The samples were run on a flow cytometer (FC500 MPL, Beckman Coulter), and data were analyzed using the CXP (Beckman Coulter) software.
ELISA for anticytokine antibodies
Details of the ELISA for angiogenic cytokines are as previously described (19) , and are also detailed in the supplementary materials.
Biostatistics
Survival analysis was performed by the Kaplan-Meier method. Change in expression of costimulatory molecules and markers on lymphocytes was analyzed by the nonparametric sign-rank test, accounting for small sample size and improbability of normality assumption. P-values 0.05 were considered statistically significant.
Results

Feasibility
Feasibility was dependent upon the successful harvest and cryopreservation of a sufficient number of viable autologous tumor cells to generate vaccine for 6 injections. The lowest allowable number of tumor cells per vaccination was 1 Â 10 5 , equal to the lowest number of GM-CSF expressing autologous tumor cells associated with biological activity in clinical trials previously conducted at our center. The maximum number of autologous tumor cells per vaccination was set at 6 Â 10 7 , equal to the highest number of GM-CSF expressing tumor cells that had been delivered in the aforementioned studies. Patients had to maintain KPS !70% until the time of the initial treatment in order to remain study-eligible. Eleven patients total were enrolled and underwent craniotomy (Table 1) . Median age was 42 years (range 31-78). Sufficient cells were obtained and prepared in 10 of the 11 patients (Table 2 ). In a single subject (patient 7), pathology was consistent with treatment effect. Three patients were enrolled into the first dose cohort (patients 1-3, 5 Â 10 6 GM-K562 cells per vaccination) and 8 patients into the second (patients 4-11, 1 Â 10 7 GM-K562 cells per vaccination).
All subjects maintained a KPS of at least 70% after surgery and until the time of the first vaccination. Treatment was initiated at a median of 19.5 days (16-30 days) after craniotomy. All 10 treated patients received at least four vaccinations. Patients 1, 2, and 3 received six, five, and four vaccinations, respectively. Patients 2 and 3 were not treated with the full complement of six injections because of radiographic progression of disease and subsequent initiation of bevacizumab. Vaccination of patients undergoing craniotomy for recurrent malignant glioma with a mixture of irradiated autologous tumor cells and GM-K562 cells was deemed feasible by preset criteria.
Safety
All subjects were followed closely for complications associated with vaccine, including adverse neurological effects and autoimmunity. Toxicities were assessed by the National Cancer Institute Common Toxicity Criteria, version 3.0. Grades 1 and 2 skin reactions were observed at the vaccination sites in all patients, and all resolved spontaneously. There were no grade 3 or 4 toxicities.
The first three patients were treated with 5 Â 10 6 irradiated GM-K562 cells (50 mg GM-CSF/24 hours) mixed with irradiated autologous tumor cells. There were no dose-limiting toxicities of vaccination in this cohort.
The remaining seven patients were treated with 1 Â 10 7 irradiated GM-K562 cells (100 mg GM-CSF/24 hours) mixed with irradiated autologous glioma cells. Five of seven treated subjects received six vaccinations. Two of seven were treated with five vaccinations; in both cases, the sixth treatment was held because of concern for progressive disease and initiation of new therapy. There were no dose-limiting toxicities in patients treated at dose-level 2 of GM-K562 cells (1 Â 10 7 cells). Patient 5 was evaluated for a low-grade fever and a headache 1 day after initial vaccination. The elevated temperature persisted for 2 days. Work-up included a lumbar puncture, which revealed a mildly elevated protein (124 mg/dL) and 50 white blood cells (58% polymorphonuclear cells, 27% lymphocytes), possibly consistent with aseptic meningitis. The patient defervesced, and the second vaccination was delayed by 1 week. Repeat administration of vaccine went forwards without recurrence of fever or headache. This episode was categorized as an adverse event possibly related to treatment, CTC grade 2.
After the fourth vaccination, patient 4 complained of headache and left hemiparesis. Brain MRI showed significant increases in nodular gadolinium enhancement around the right frontal resection cavity and downward mass effect on the lateral ventricles (Fig. 3B ). Dexamethasone at 4 mg daily was initiated with resolution of symptoms, and vaccination continued on schedule. MRI 3 weeks later (week 7 after initiation of therapy) showed reduction in both enhancement and mass effect. Given the presence of central nervous system symptoms that required intervention with oral corticosteroids, this episode is categorized as an adverse event possibly related to therapy, CTC grade 3.
Toxicity analysis demonstrated that vaccinating patients with subcutaneous and intradermal injections of irradiated autologous glioma cells mixed with up to 1 Â 10 7 irradiated GM-K562 cells is safe in patients who have undergone craniotomy for recurrent malignant glioma.
Tumor-associated immunity Delayed-type hypersensitivity. All patients were evaluated for clinical evidence (rash) of vaccination site and DTH reactions between 48 and 72 hours after the first and fourth injections. Consenting patients underwent punch skin biopsies of both vaccination sites and DTH sites, also 48 to 72 hours after the first and fourth treatments.
Hematoxylin and eosin-stained specimens were evaluated by a senior dermatopathologist who was blinded to patient identification, the dose level, and the timing of the biopsy. The intensity of the inflammatory infiltrates was assessed qualitatively and semiquantitatively by assignation of a score of 1 to 4 (þ, þþ, þþþ, þþþþ), with 4 representing the highest degree of inflammation (Details of scoring presented in supplementary data). Results are summarized in Table 3 .
There was a strong trend toward enhanced histopathologically detectable inflammation at the time of the fourth vaccination as compared to the biopsy sites at the time of the first treatment. This was true at the vaccination sites themselves, but was particularly marked at the biopsied DTH sites. At the time of the first vaccination, there was essentially no inflammatory response to intradermal injection of irradiated autologous tumor cells into the shoulder contralateral to the vaccination site. Forty-eight to seventy-two hours after the fourth vaccination, however, clear increases in the intensity of inflammatory cell infiltrates were observed in the DTH punch biopsy specimens of all patients except for patient 9.
Histology examination of DTH sites suggested that by the time of the fourth treatment, vaccination with irradiated autologous glioma cells mixed with irradiated GM-K562 cells has augmented a systemic immune response against the patients' tumor cells.
Humoral antitumor immunity.
To address the lack of antigenspecific immune monitoring associated with our whole cell approach, we extended findings from our group that cancer patients treated with GVAX alone (19) or in combination with CTLA-4 blockade (20) generate antibodies against multiple cytokines associated with tumor angiogenesis, including angiopoietins 1 and 2, as well as vascular endothelial growth factor (VEGF).
We established an ELISA panel of angiogenic cytokines and peptides and analyzed reactivity with patient plasma. We studied plasma reactivity to L1-CAM, DEL-1, Angiopoietin 1 (Ang 1), Angiopoietin 2 (Ang 2), hepatocyte growth factor (HGF), platelet derived growth factor (PDGF-BB), progranulin (PGLN), and vascular endothelial growth factor, as our prior work indicated that each may be the target of vaccine-induced antibodies. Peak changes in plasma reactivity to these cytokines, measured by optical density (OD), are shown in Table 4 .
Vaccination increased antibody responses most consistently and significantly to Ang 1 (four/nine patients), Ang 2 (seven/nine patients), HGF (six/nine patients), and PDGF (five/nine patients). Changes above baseline were compared to background levels in the assay, and ranged from a minimum of 2.5-fold elevations to more than eight-fold increases. Increases in response were most vigorous for Ang 2. Reactivity tended to peak towards the end of the vaccination course or after it was complete (Fig. 1) . In patients 3, 4, and 5, peak responses to Ang 2 were most intense after commencement of treatment with bevacizumab, which started on weeks 6, 10, and 10, respectively, possibly reflecting an immunostimulatory effect of VEGF-A blockade, consistent with prior studies of combined bevacizumab and ipilimumab in advanced melanoma patients (21) .
T-lymphocyte activation
Flow cytometry of leukocyte subsets reveals post-vaccination T lymphocyte activation. We sought to identify trends in vaccinationassociated leukocyte activation by performing flow cytometry of white blood cell subsets, using freshly collected whole blood. The full flow cytometry panel is shown in the supplementary data. GBM  90  12  1st  Y  2  74  M  GBM  70  9  1st  Y  3  31  M  AA  100  91  1st  N  4  39  M  GBM  90  43  3rd  N  5  63  M  GBM  100  10  1st  N  6  42  F  GBM  100  29  3rd  N  7  AOA  8  51  M  GBM  100  11  1st  N  9  32  M  GBM  80  29  3rd  N  10  38  M  GBM  90  18  2nd  Y  11  78  M  GBM  80  17 1st N Abbreviations: AA, anaplastic astrocytoma; AOA, anaplastic oligoastrocytoma; GBM, glioblastoma; RT, radiation therapy; SRS, stereotactic radiosurgery; TMZ, temozolomide. Expression levels for each marker were followed over time. We calculated the maximum percentage change as compared to the levels measured from blood collected at the time of the initial vaccination, as not all subjects had whole blood processed prior to treatment. We limited our analysis to blood that was collected within the first 12 weeks after vaccination, in order to avoid confounding of data by the impact of additional therapies.
For many of the cellular subsets, there were no distinguishable patterns of change, including in natural killer (NK) cells, NKT cells, and dendritic cell subsets. However, with regard to systemic CD4 þ and CD8 þ T lymphocyte activation, several trends, some of which were statistically significant and temporally related to vaccine initiation, emerged. We identified changes in the expression of "activating" and "regulatory" costimulatory molecules by both CD4 þ and CD8 þ T lymphocytes. Upregulation of these molecules is an indication of initial T-cell activation, and their ligation may be associated with further expansion of lymphocyte proliferation and memory differentiation ("activating") or fatigue and downregulation of antigen specific immune responses ("regulatory"). Sufficient blood for flow cytometry analysis was collected in subjects 2, 3, 4, 5, 6, 8, 9, 10, and 11. We measured lymphocyte expression of ICOS, CD137, and OX40 (activating); also, as regulatory costimulatory molecules, we examined T-lymphocyte expression of CTLA4 (CD4 þ lymphocytes) and PD1, as well as Activating costimulatory molecules were upregulated in their expression on CD4 þ and CD8 þ lymphocytes after vaccination as well. Baseline levels of T-lymphocyte expression of CD137 (4-1BB) were low in these patients. However, both CD4 þ and CD8 þ T lymphocytes more frequently expressed CD137 postvaccination than at the outset. OX40 expression on CD4 þ T lymphocytes was also driven upward. We quantified and depicted the change in CD4 lymphocyte expression for Foxp3 and the above T-lymphocyte costimulatory molecules (Fig. 2) . Statistically significant changes were identified for CD4CTLA4, CD4PD1, CD4FoxP3, CD4CD137, CD8CD137, and CD4OX40. The change in expression of PD1 on CD8 þ T lymphocytes trended upward, but did not achieve statistical significance because of wide variation (Supplementary Data).
expression is commonly used to define CD4 þ regulatory T cells, it is also transiently expressed as an activation marker on conven-
tightly with FoxP3-expressing regulatory T lymphocytes and can be used as an alternative marker. By 4 weeks after initiation of þ compartment, ranging from 162% to 385%, providing further indication that vaccination with irradiated autologous glioma cells mixed with GM-K562 cells rapidly induces regulatory T-lymphocyte differentiation or systemic mobilization ( Fig. 2C and D) .
Survival
By the MacDonald (17), criteria, each patient progressed radiographically by the time of the first posttreatment MRI (7-9 weeks). For all patients, median overall survival was 35 weeks (range 21-92). Median overall survival for the 7 patients treated with 1 Â 10 7 GM-K562 cells was 53 weeks (range 30-92). Survival was not statistically associated with any of the immune parameters studied.
Case examples
The small number of patients treated in this phase I study and the heterogeneous clinical presentations preclude meaningful analyses of associations between measured immune parameters and outcome. However, patients 4 and 5 reflect how clinical and radiographic responses may correlate with changes in cellular and humoral immune responses in glioma patients undergoing autologous tumor cell vaccination. Patient 5. Patient 5 was a 62-year-old man treated with craniotomy, radiation, and temozolomide chemotherapy who presented with nodular enhancement involving and surrounding his prior resection cavity in the right temporal lobe. He was enrolled on the vaccination protocol, and underwent near-total resection of the mass. Substantial numbers of viable tumor cells were harvested and vaccination was initiated, off of corticosteroids, 19 days postoperatively. As described previously, he presented with fever 1 day after the first vaccination. The second treatment was postponed by 1 week, without recurrent fever. After the fifth vaccination (week 7.5), a regularly scheduled MRI demonstrated nodular enhancement, thought to be consistent with disease progression, and bevacizumab/irinotecan was started. Although brain MRI at this point showed that the volume of gadolinium-enhancing tissue was increased, cerebral blood volume values and metabolites on MR spectroscopy were decreased, suggestive of treatmentassociated changes.
Regulatory
Early imaging response after bevacizumab/irinotecan treatment showed reduced enhancement, which remained stable for more than a year until shortly before he passed away from progressive disease, 21 months after initiation of vaccination.
We retrospectively examined the patient's immune responses. At week 5 after vaccine initiation-the time of the fourth vaccine injection-there was brisk upregulation of activating and regulatory costimulatory molecules on both CD4
þ and CD8 þ lymphocytes in the peripheral blood (Fig. 3A) . The synchronous increase in CD4 þ FoxP3 þ regulatory T lymphocytes was relatively modest.
Subsequently, ELISA of the patient's plasma revealed a brisk rise in humoral responses to angiopoietins 1 and 2, as well as HGF, PDGF, and Progranulin. These elevated responses began prior to the initiation of bevacizumab/irinotecan at week 9, peaked at week 14 after vaccination began, then persisted and partially subsided. Heightened lymphocyte activation, rising antitumor antibody titers, and advanced MR imaging suggestion of treatment effect raise the possibility that the week 7 scan represented pseudoprogression and that the durable tumor control that followed was related to systemic antitumor immunity. 
Discussion
In this phase I study, we have achieved the primary objectives of demonstrating safety and feasibility of combining autologous irradiated glioblastoma cells with up to 1 Â 10 7 GM-K562 cells as vaccination in patients that had undergone craniotomy for recurrent tumor. Feasibility was readily achieved, and there were no serious adverse events. Feasibility is a highly relevant issue for cellular glioma immunotherapy, particularly for patients with recurrent disease. In a study examining the use of autologous glioma cells alongside patient fibroblasts engineered to express IL4 (16), most enrolled patients did not receive treatment because of disease progression or clinical decline prior to initiation of therapy. Similarly, in a recent phase I study of vaccination of patients undergoing craniotomy for recurrent glioblastoma with 
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Ang1
Ang2 Figure 3 . A, serial magnetic resonance imaging of patient 5 demonstrating increased nodular gadolinium enhancement around the resection cavity 7 weeks after initiation of vaccination, shortly after peak T lymphocyte activation and concurrent with rises in plasma antibodies to Ang1 and Ang2. B, for patient 4, increased gadolinium enhancement at week 4 corresponded with increased expression of T lymphocytes costimulatory molecules and was detected just prior in significant increases to anti-Ang1 and anti-Ang2 antibodies in the patient's plasma. Dexamethasone was administered and, within 3 weeks, the enhancement had receded.
autologous tumor-derived peptides bound to the 96 kDa chaperone protein derived from the tumor specimens (22) , only 12 of 28 enrolled patients were ultimately treated. Patient dropout was secondary to inadequate harvest of viable tumor in nine patients and progression or clinical deterioration prior to full vaccine administration in four patients. In our series, the GM-K562 bystander line facilitated the ready capacity to make vaccine and allowed rapid postoperative turnaround without the need to culture or genetically manipulate harvested specimens.
Consistent with other approaches to glioma immunotherapy (23), there was no evidence of autoimmunity or encephalitis. This is significant for the use of autologous whole glioma cell vaccination, as, although the tumor specimens undergo enzymatic digestion and mechanical separation, there is no process by which normal glial or neuronal elements are excluded, and they may be included in the product.
Clinical use of GM-K562 cells as bystander producers of GM-CSF has been reported previously in the context of vaccination of patients with advanced lung cancer (24, 25) and in patients with chronic lymphocytic leukemia (CLL; ref. 25 ). In the CLL study, 22 subjects were treated with irradiated autologous tumor cells mixed with 1 Â 10 7 GM-K562 cells without adverse events. Vaccination led to development of systemic tumor-specific T-cell responses.
Whole glioma cell vaccination has been examined previously, but not in a manner consistent with GVAX. Plautz, and colleagues reported adoptive T-lymphocyte transfer in glioblastoma patients, using cells harvested from inguinal lymph nodes harvested 8 to 10 days after a single subcutaneous injection of irradiated autologous tumor cells mixed with 500 mg of recombinant GM-CSF (25) . More recently, Ishikawa described safe treatment with autologous formalin-fixed tumor vaccine in patients with newly diagnosed glioblastoma (26) . To the best of our knowledge, our study is the first report of the GVAX approach in patients with malignant gliomas.
Pseudoprogression by MRI is a well-known entity in glioblastoma imaging (27) and may be relevant in patients treated with immunotherapy as well. In other solid tumors, standard CT-based imaging criteria such as RECIST have been misleading, and an alternative set of immune response assessment criteria have been promoted (28) . We saw early appearance of new gadolinium enhancement on MRI in some patients, followed by subsequent radiographic regression and/or lengthy stabilization of disease. Improved ability to differentiate tumor progression from toxic or inflammatory changes will help practitioners understand which patients are responding to treatment and which patients should be directed towards another therapy. It is worth noting that in the two patient cases described in this report, whereas the MRIs and/ or the clinical scenarios suggested progression, the accompanying immune studies showed treatment-driven activation, including improved ratios of activated T lymphocytes to regulatory T lymphocytes. It is possible that immune parameters or biomarkers will be more predictive of early response than standard imaging. Also, a relatively delayed onset of effective antitumor activity has been observed previously in cancer vaccination, including in the phase 3 demonstration that Sipleucel-T improved overall survival in patients with advanced hormone-refractory prostate cancer, but did not change progression-free survival. As immunotherapy evolves and becomes more effective in patients with brain tumors, management of inflammatory toxicity may have to move away from the use of corticosteroids, which can downregulate T-cell responses.
The tracking of relevant biomarkers for assessment of cancer immunotherapies is a complex and dynamic process; the efficacy of the antitumor response is ultimately dependent upon interactions between variable factors related to the host, the tumor itself, and the treatments in question, in addition to any other therapies that may be used in combination or sequentially. Evaluation of DTH sites provides a straightforward assessment of the biological activity of any immunotherapy. In these glioma patients, histology evaluation of punch biopsies of DTH injection sites consistently demonstrated intensification of an inflammatory response within the irradiated tumor deposits after 4 vaccinations. This response was fully lacking in each patient at the time of the first vaccination, prior to the onset of biological effect of the vaccine. DTH studies assess systemic immunoreactivity to a given patient's tumor within the physical context of the host; however, they do not necessarily represent interactions within the actual tumor milieu and do not provide information about immune cellular function. With further progress in the field of glioma immunotherapy, stereotactic biopsy of the actual tumor sites may become necessary if imaging and serologic biomarkers of response are not consistently representative of antitumor effect.
Lymphocytes are effectors of adaptive antitumor immunity, and analysis of their differentiation and activation status, both as snapshots and over time, may provide associations with responses to immunotherapy (29) (30) (31) . For better understanding of biomarkers and predictors of immune and clinical response in glioma patients, many more patients will have to be treated, including a significant fraction with clinical responses.
In our patients, vaccination with irradiated autologous tumor cells mixed with GM-K562 cells seemed to impact the activation status of T lymphocytes, particularly in the CD4 þ subset.
Although activation of T lymphocytes requires major histocompatibility complex engagement of the T-cell receptor coupled by CD80 or 86 binding of CD28 (32) , numerous subsequent interactions occur at the APC/T-cell interface that fine-tune the immune response; some are associated with further activation and clonal proliferation, whereas others are associated with homeostatic negative immune regulation. We have demonstrated statistically significant increases of CD4 þ T-lymphocyte expression of CTLA-4, PD-1, OX40, and CD137 within 12 weeks of vaccination initiation. CD8 þ T-lymphocyte expression of CD137 was significantly increased and many patients saw elevations in PD-1 expression by CD8 þ T lymphocytes as well. Overall, these alterations imply a general treatment-associated activation of peripheral lymphocyte responses that peaks after several rounds of vaccination have occurred. We also observed increased frequency of regulatory T lymphocytes within the CD4 þ compartment, a phenomenon which has been described in preclinical models of GM-CSF-expressing irradiated autologous tumor cells (33) and, clinically, in ipilimumab þ GM-CSF combination therapy (31) . The efficacy of therapy may ultimately depend upon the change in the ratio of effector T lymphocytes to regulatory T lymphocytes (15) , intratumorally and systemically; we did not collect absolute lymphocyte counts, which precludes precise calculation of these numbers. Nevertheless, it may be beneficial to combine vaccination with agents that counteract regulatory Tlymphocyte activity or suppress their induction, which is partially dependent on GM-CSF levels (34) . Furthermore, GM-CSF expression in cancer vaccines has been shown to increase the number of circulating and intratumoral myeloid-derived suppressor cells (35) . Combining vaccination with VEGF inhibition may be a way to strengthen antitumor immunity by reduction of MDSC induction (36) . Likewise, co-administration of toll-like receptor (TLR) ligands along with GM-CSF expressing vaccines may reverse MDSC induction and further promote antitumor immunity, driving stronger responses (37) . In some clinical studies, however, GVAX immunotherapy has led to a reduction in circulating MDSCs (38) . The relationship between GM-CSF expression and immunoregulatory mechanisms requires further study. The time-dependent elevated expression of costimulatory and coinhibitory molecules on the T-lymphocyte surface may highlight the optimal points at which to administer "checkpointactive" therapies after vaccination. Along these lines, in a murine intracranial glioma model, we have demonstrated synergistic efficacy following syngeneic GM-CSF expressing tumor cell vaccination with CTLA-4 blockade (12) . In these studies, sequential delivery of these immunotherapies provoked stronger antitumor effect than giving them concurrently (unpublished data). Blockade of PD-1 function (39) and agonist ligation of OX-40 (40) and 4-1BB (CD137; ref. 41 ) have shown promising activity in combination with vaccination in preclinical glioma models. Vaccineassociated activation and upregulation of these "druggable" targets on T lymphocytes may provide an opportunity for increasing the efficacy of these therapeutics.
Measuring T-lymphocyte activation, as above, does not clarify the antigen specificity of the response. A whole-tumor cell approach creates a challenge for antigen-specific immunomonitoring. The CD137 expressing subset of T lymphocytes has been shown to harbor specifically activated cells, and may serve as a means of identifying the repertoire of the antigen-specific cells amidst a heterogeneous population (42) .
Our assay of humoral responses to angiogenic cytokines has the potential to provide immunomonitoring across cancer types and immunotherapies. Among vaccinated glioblastoma patients, we revealed increases in antibody titers to angiopoietins 1 and 2 among other angiogenic cytokines. These antibody responses were not detectable prior to vaccination. The induction of antibody responses to angiogenic cytokines may have several ramifications. Fundamentally, this illustrates the vaccine-driven presence of humoral antitumor immunity, in temporal coordination with the T-lymphocyte activation catalogued by immunophenotyping studies. Schoenfeld demonstrated that sera of vaccinated cancer patients with detectable antibodies to angiogenic cytokines exhibits functional angiogenesis inhibition in vitro (20) . Vaccinated leukemia patients with early development of antibodies to two or more angiogenic cytokines saw improved survival compared to those with measureable detection of one or fewer cytokines on the same panel. Angiogenic cytokines, including angiopoietins, may inhibit immune function, and their blockade may thereby further enhance intratumoral lymphocyte infiltration, leading to increased antitumor cytotoxic effect and subsequent immunogenicity. The immune targeting of multiple angiogenic proteins may allow synergy with current angiogenesis inhibitors. The mechanism by which this vaccine-induced targeting of the tumor vasculature occurs and its therapeutic consequences requires further investigation, but supports the rationale for combination approaches with autologous cell-based vaccination and angiogenesis inhibitors.
In summary, vaccination of patients undergoing craniotomy for recurrent malignant glioma with irradiated autologous tumor cells mixed with GM-K562 cells was feasible and safe. Via histology evaluation of delayed-type hypersensitivity reactions, phenotypic demonstration of T-lymphocyte activation, and the identification of elevated titers of antibodies to angiogenic cytokines, "bystander GVAX" vaccination has biological activity in these patients, and we have strengthened the rationale for a variety of combination approaches. These strategies may include augmenting vaccination with monoclonal antibodies targeting T-lymphocyte costimulatory molecules, agents that suppress regulatory T lymphocytes, and inhibitors of angiogenesis.
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